Abstract -Progress in elemental trace analysis means that lower concentrations can be determined in a more reliable and efficient way. The demands posed to trace element analysis follow generally the tendency that lower and lower concentrations should be determined in matrices which become more and more complex. The most economical scientific strategy depends strongly on the element to be determined, on the kind of sample and especially, on the power of detection. Therefore, we must develop the strategy of determination in view of two widely differing thoughts: 1. It is necessary to apply direct instrumental methods for routine analysis in order to save time and man-power. This can be done only, if the required power of detection is asserted in view of a suff icient reliability of the results. 2. Multi-stage combined procedures have to be preferred in all cases, where direct instrumental methods still yield insufficient or incorrect results, in spite of the fact that they are usually more time and/or labour consuming.
I. INTRODUCTION
Progress in the field of trace analysis of the elements concerns the capability of reliable and economical determination of extremely low element contents in samples of very complex composition as they occur in all fields of natural science, medicine and technological science. However, with the ever increasing demand on the power of detection, the question for the most economic approach can no longer be treated separately. It depends foremostly on the degree of attainable reliability of results which is only partly determined by the method employed,but even more by the concentration range, the kind of element to be determined and the complexity of the matrix. In addition to the usual random statistical errors of the analytical method, increasing systematic errors occur overwhelmingly with lower amounts of elements to be determined. These systematic errors may falsify the analytical results by several orders of magnitude in extreme cases in spite of good reproducibility of the results (Ref. 1). In fact, this is confirmed more and more frequently, by interlaboratory comparative analyses (Ref. 1, 2, 3). The necessity to decide about the entire conception of economy in view of analytical methods is raised from two perspectives:
1. The demands posed to the power of detection are less rigid in the case of analyses at the g/g level. The most economic approach is the application of instrumental methods for multielement determina-1990 G. TOLG tion. If possible a direct sample excitation should be chosen allowing a relatively simple sample treatment. Computer aided evaluation (e.g., SSMS, INAA, XFRA, PIXE, ICP-OES) is helpful. In this way good results are obtained provided that a sufficient number of certified reference materials is available.
2. The other extreme occurs in case lowest element contents or smallest absolute amounts of elements have to be determined; available determination methods have to be considered in view of their power of detection (ng/g-respectively pg/g-analysis) . Then the optimal economic way of the analytical approach will have to change. Since false or unreliable results are considered to be more expensive (e.g., safety and health) than analytical costs the idea of an economically controlled approach becomes obsolete. The additional costs of a more detailed analysis using multi-stage procedures are easily amortized by avoiding incorrect results.
In extreme trace analysis of the elements, highest power of detection and at the same time, best reliablility of results requires, that the element to be determined is completely separated from any concomitant sample components, and then determined in its final, isolated, thus separated state. In this manner, interferences by interelement effects during excitation of the sample are most efficiently avoided; consequently, a method can be calibrated with high accuracy. From the economical point of view, one obtains a particularly wide applicability of an analytical procedure due to the highest degree of matrix independence (Ref. 1, 2, 4). In practice, most of the trace-analytical problems imposed lie on a scale between these two extremes; the economical aspects of an analytical strategy have to be considered from both ends of this scale and applied accordingly. A compromise has to be reached depending on the required reliability of the data. It is by far the most difficult and as yet hardly solved task, to find the most appropriate strategy in each event of trace analysis.
These interrelationships between power of detection, reliability and economical aspects of an analytical method elucidate that sample preparation in trace-analytical methods should only then be propagated if the solution of the analytical problem so requires. Any kind of additional sample treatment prior to an instrumental determination method demands extra time and man-power and has therefore to be weighed against the advantages derived. Further, this cost/profit relationship differs for different countries, depending on the local man-power costs. In a number of countries, therefore preference is given to multi-stage combined procedures (sample decomposition, preconcentration and determination) over expensive instrumental techniques of direct analysis. The very limited space does not permit my reference to details concerning the above particular case which would presuppose a very extensive systematic survey. The immense number of current high-performance methods of analysis in which a sample treatment is included, requires an individual examination of every new problem in trace analysis. Any generalization of experiences may cause damage instead of bringing profit. Summarizing, one can state, that in the field of extreme trace analysis there are no simple solutions, unfortunately.
For these reasons, the first part of this paper is dedicated to the few, most important principles necessary to avoid systematic errors in multi-stage procedures which bear generalization.
In the course of the second part, some detailed ways of problem solving are exemplified by the determination of mercury, selenium, thallium and boron. The aspect of multi-stage procedures at the ng/g-and pg/g levels is emphasized in view of universality and reliability of such methods, provided that instrumental direct analysis does not solve the analytical problem.
II. RECOGNITION, CAUSES AND AVOIDANCE OF SYSTEMATIC ERRORS
Our main considerations are focussed once more on the recognition (Table 1) , the causes (Table 2 ) and the avoidance of systematic errors. In the course of multi-stage procedures these errors occur in particular during decomposition and separation procedures. The reliable determination of the isolated element traces generally imposes minor problems. The introduction of these fundamental stipulations into the analytical practice can be referenced here only by the particularly serious problems of contamination and blank values, respectively. Concerning both these problems it must be emphasized that 1. often, not the sensitivity level of a detector system but the blank concentration of the elements limits the power of detection and the reliability of a trace-analytical procedure, 2. in particular, high blank levels of elements of the common constituents in the environment occur generally (such as Si, Al, Ca, Mg, Fe, Mn, Na, K, Ti, P). It is therefore necessary that these values are kept very low and constant. In order to cope with such difficult tasks one has to start with the choice of the most suitable materials for instruments (e.g., preferentially quartz, PTFE, PP, glassy carbon) and with the cleaning of the material surfaces. To summarize systematic investigations (Ref. 7, 8) , it was found that one. may get serious problems with respect to blanks already by such simple operations as cleaning of the vessels (e.g., rinsing with acids and water). The given example in the case of magnesium (see Fig. 1 ) shows that the only cleaning technique Fig. 1 Magnesium contents of water in 50 mL flasks after different cleaning procedures leading to low and constant blank values is the treatment of vessels with vaporized acid and water in a special evaporization device (see Fig. 2 ) over a longer period. The behaviour of other elements is similar. Also, the purification of the reagents demands special techniques, e.g., the distillation of acids below their boiling points in special apparatus made of quartz, PTFE or PP (see Fig. 3 ). Frequently, it is necessary to work in "clean rooms", to reduce contamination risks by element traces widely distributed in the laboratory air. Further details on how to avoid systematic errors during sampling, storage of samples, pulverization and homogenization of the sample material, during dosage of solutions or sample decomposition and during all sjeps of preconcentration which cannot referred to in detail here, are found in the literature (Ref. 5, [9] [10] [11] [12] [13] [14] . It must be emphasized that in fact, all these errors do contribute to the total incorrect result of the analytical procedure. Developing new multi-stage procedures requires thorough controls and special measures of each single step of such procedures. This is given in the following sections, for some practical examples. 
III. DECOMPOSITION METHODS
The problem to avoid systematic errors during decomposition of the sample is particularly serious since there does not exist any universally applicable decomposition method that meets all requirements of trace analysis. So one has to refer to the appropriate decomposition principle valid for an analytical problem. Using a quartz apparatus (see Fig. 5 ) with a cooling finger (liquid nitrogen) sample weiqhts up to 1 g can be burnt completely in a combustion chamber of only 75 cm without loss of volatile elements, e.g.,Hg, Se, As, I.
The latter method allows complete separation of elements like Hg, Cd, Pb, Tl, Bi, Se by volatilization from non-volatile matrix components like Cu, Fe, Ni, Co, Mn, Al, and silicates during the decomposition step (Ref. 27) . Inorganic samples will be mixed in their pulverized form with e.g., high purity cellulose powder and pressed into pellets which will be ignited by the IR-lamp of the apparatus via a cellulose strip. Organic components (e.g., humic substances) in aqueous samples are (advantageously) decomposed by photolytic mineralization using an UV-lamp in the presence of H202 or other oxydizing agents (Ref. [28] [29] [30] . This procedure can effectively be applied even prior to voltammetric determination methods.
IV. SEPARATION AND PRECONCENTRATION METHODS
The field of separation and preconcentration methods (Ref. [31] [32] [33] [34] [35] [36] [37] [38] is too complex to show direct pathways to solve a problem. Merely some general points of view can be pointed at briefly. Decisive advantage is yielded for those elements, e.g., Hg, As, Sb, Se, Te that can be separated by volatilization from the mineral phase either directly or via easily formed volatile compounds, e.g., hydrides, halides or oxides. Thus, the separation step can be directly tied firmly to the decomposition step resulting in an efficient state of the art multi-stage procedure for the determination of,e.g., Hg, Se, Tl,and B as will be shown in sect. VI.
Similarly, we can meet today's requirements by modification of conventional separation principles that can jointlessly be included in a multi-stage system. Extreme examples of the high-purity materials analysis are precipitation exchange on thin layers or electrolytical separation methods which can, in many modifications, be transferred to other trace-analytical problems (Ref. 4) . Excitation methods, too, can essentially be optimized, if their techniques are approximated to the "single-vessel principle",i.e.if the ectraction is carried out directly in the decomposition flask, e.g., in a PTFE tube which is used to separate the phases. This way, we succeeded, for instance, in determining the distribution of Be at pg/g-levels in the individual protein fractions of blood serum (Ref. 
V. MOTIVATIONS AND EXAMPLES FOR THE DEVELOPMENT OF PARTICULAR, UNIVERSAL AND MOST SENSITIVE MULTI-STAGE PROCEDURES
The main aspects to improve the. detection abilities in elemental trace analysis are of long term validity and therefore, unchanged since the last ISM in Graz (Ref. 43 ).
In the investigation of biotic and environmentalsystems, today's methods to determine the total concentrations of the elements of interest (mostly in the range 1 ng/g) must be completed by methods which are more sensitive by a factor of at least 20. . This is a prerequisite in order to investigate also the distribution of the elements and their species,e.g., in tissues, cell compartments and individual protein fractions of the blood serum (micro-trace analysis). Further, trace elements with a high biological activity (e.g., Hg, Cd, Pb, Tl, Se, As, Be) mustbe simultaneously determined in a broad spectrum of matrices (e.g., rocks, water, air, soils, plants, animals, food-stuffs, and above all, in the human body) to study their complex ambivalent, antagonistic or synergistic properties, and to be able to compare the analytical data under interdisciplinary aspects. Therefore, the analytical procedures should be universally applicable and of high accuracy, even in the pg/g-range.
The conditions are quite different regarding numerous materials which have been created by man within the scope of modern technology. Here, detection limits to be aimed at lie also in the ng/g und pg/g-range, but the risk of systematic errors with respect to the more complex matrices (e.g., high-purity metals, semi-conductors, optical wave guides, ceramics for implantates) increases, as compared to organic samples. Therefore, here multi-stage procedures are still of high importance.
As a result, reliable, multi-stage procedures have to be developed which are suitable -also for routine analysis -for the determination of elements within a broad spectrum of matrices at ng/g levels and below. Many pathways promise to lead to this goal and are therefore pursued in element determinations of high sensitivity by using nearly all familiar principles of analysis. Consequently, the main difficulty lies in a critical comparison of the methods to find out the optimal combinations. There is no chance for one laboratory to fulfil this task for all elements of interest. During many years we have been in the favourable situation of investigating and optimizing in detail some of the most efficient determination principles for some important elements, e.g., Hg, Se, Tl,and B, in many metallic, geochemical and organic materials. The strategy we followed is very similar in each case. The first step was to find out and to prove the most sensitive determination methods for an element in its isolated form. This gives us the order of magnitude of the limit of determination which might be reached at the best. Then, we had to look for the optimal methods of sample decomposition and for the separation of the element to be determined from all concomitant elements in a sample and to combine these steps with the suitable, most sensitive determination methods. All known rules to avoid systematic errors have to be taken into consideration. The long ways of development of the procedures cannot be discussed here for each case. We often made mistakes, but positive and negative experiences increasingly gathered headway. Here, only the results can be given.
VI. UNIVERSAL AND ACCURATE DETERMINATION PROCEDURES FOR Hg, Se, T1,AND B IN THE ng/g AND pg/g LEVEL

Determination of merçy
From Table 3 we selected MIP-OES as the most sensitive and highly selective determination method for Hg. The high volatility of Hg and all its compounds allows to seperate it from inorganic and organic matrix compounds during the decomposition step by heating or burning the sample by microwave-excited oxygen (see Fig. 6 ). The resulting Hg-vapour is collected on a gold absorber system. By heating this after the complete Hg-collection, the Hg-vapour passes a quartz capillary where Hg amounts 1 pg can be monitored at 253.7 nm by Ar-MIP-OES. This multi-stage procedure shows a nearly ideal combination to minimize all blanks and other systematic errors. Only systematic errors yet introduced during sampling and sample preparation can influence the accuracy of the method.
For the determination of Hg amounts 0.1 ng, the procedure of sample decomposition in the Trace-O-Mat combined with cold vapour technique involving a subsequent preconcentration of the Hg at the Au-absorber system and determination of the collected Hg by AAS in an open PTFE-cell system proves to be also very reliable, but simpler (Ref. Table 4 . It has been entirely clarified that HG-AAS is very powerful, but only reliable for pure Se solutions. In practical analysis, many concomitant elements have to be taken into account in each complex sample since they may interfere severely with the Se-hydride formation, even at the very low concentration levels that are similar to the Se level determined (Ref. 61). By means of some matrix depending tricks such interferences could be eliminated. These interferences used to appear again for unknown reasons when changing the matrix.
Only differential pulse cathodic stripping voltammetry (DPCSV) and gas chromatography with an ECD after separation of Se by way of piazselenol still exceed the detection ability; they are, however, less suitable in routine analysis.
Similarly, we investigated the most important, aforementioned decomposition methods for inorganic and organic materials. Here, we focussed on systematic errors in general and on methods to separate Se from elements interfering with HG-AAS as selectively as possible. After comprehensive systematic investiga- A further progress in increasing the sensitivity of the Se determination in organic matrices down to 5 pg/g Se could be obtained by collecting the Sehydride in a special absorber system (Chromosorb in a trap cooled by liquid nitrogen) before AAS-determination (Ref. 52). The flow diagram of the multistage procedure is shown in Fig. 7 , and a calibration graph in Fig. 8 . This procedure allows to determine the natural Se concentration gradient along a single hair or the Se concentrations in individual protein fractions of blood serum after their isotachophoretic separation (see Fig. 9 (Table 5) we found DPASV particularly suitable to develop a very universal, multi-stage procedure for practical purposes (see Fig. 10 ). After the decomposition of inorganic and organic samples in the Trace-0-Mat, interfering 
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J. Messerschmidt elements can be separated by volatilization of the Tl traces during the decomposition step to such an extent that only in some special cases a second separation step by extraction of the Tl(III)-bromide complex with diisopropyl ether is required prior to the determination of Tl by DPASV. All operations for the Tl isolation will be carried out in the same quartz tube (see Fig.lO  5) which contains the Tl after the decomposition step. Inorganic samples ( 0.5 g) will be pulverized (e.g., rocks, soils, cement), mixed with cellulose powder and pressed to pellets which will be burnt in the Trace-0-Mat. Following this principle, Tl contents of 2 ng/g can be determined in nearly all inorganic and organic matrices with high accuracy (Table 6) (Ref. 75) .The sample weight-to-cellulose ratio depends on the kind of the sample matrix. NBS-l567
4. Determination of boron Some very sensitive methods to determine boron in pure solutions are given in Table 7 . Boron determination in complex matrices, however, (e.g., in high-purity metals, silicon, quartz) leads already at the lower g/g level to serious problems with respect to sensitivity and accuracy. Therefore, boron must be separated from many interfering elements prior to its determination. Since some years, we have worked out reliable multi-stage procedures for different sample groups with good progress (see Fig. 11 ).
If the sample has to be dissolved in a mixture of hydrofluoric acid with other agents (sample group A: e.g., Zr, Nb, Si, quartz) boron can be separated as BF3 in ng quantities during the decomposition step. The BF3 evolved is transferred by a carrier gas from the PTFE-decomposition vessel into the receiver of the decomposition apparatus (see Fig. 12 ). Before its determination by ICP-OES, it is necessary to separate and concentrate the boron from the hydrofluoric acid distillate. This is done by extracting it as BF4-tetrabutylammonium complex (BF4-TBA) with MIBK. Then the organic phase can be directly sprayed into the ICP or CMP for the emission spectroscopic determination (Ref. 81). For the sample group B (e.g., Mo, W, Al, steel) (see Fig. 11 ) an acid decomposition under oxydizing conditions produces boric acid which can be separated by distillation of the boric acid methyl ester and/or the extraction with 2-ethyl-l,3-hexandiol (EHD) (Ref. 82). For the B(OCH3)3-distillation, a special circulation distillation device (quartz) has been developed (see Fig. 13 ); it shows in comparison to a normal distillation technique essential advantages in the yield of very low amounts of boron. The accuracy of the different procedures was proven with many different materials; a selection is presented in Table 8 . All results obtained with the different procedures are in good agreement, also with data of other laboratories.
VII. CONCLUSION
This contribution is to demonstrate that the role of multi-stage procedures in elemental trace analysis cannot be generalized. The importance of these procedures in the tg/g trace analysis has diminished in favour of instrumental methods. In the ng/g and even more so in the pg/g analysis, multi-stage procedures are as long indispensible, and consequently more economical, as instrumental direct methods are not yet of sufficiently high sensitivity and/or reliability to solve the problems in extreme trace analysis. The main point in developing multi-stage procedures is not the labour intensive or time consuming procedure nor is it the economic factor. It is the requirement that the analytical chemist should develop an attitude of profound criticism and that he should apply all experiences. Till now no better approach has been developed. 
